Abstract. Death-associated protein kinase (DAPK) plays an important role in apoptosis regulation and has been shown to maintain antitumor and metastasis suppressor properties. In the present study, we investigated whether DAPK overexpression may mediate vascular endothelial growth factor (VEGF)/hypoxia-inducible factor-1α (HIF-1α) expression and angiogenic activity in the human carcinoma cell model system. VEGF plays a pivotal role in tumor angiogenesis and tumorigenesis. We found that DAPK significantly downregulated VEGF-induced endothelial cell proliferation, migration and tube formation as well as VEGF receptor-2 (VEGFR-2) phosphorylation in vitro. In addition, DAPK exhibited potent anti-angiogenic activity and clearly decreased the levels of VEGF and HIF-1α expression, a key regulator for angiogenesis. Notably, our results strongly indicated that DAPK can disturb VEGFR-2 transcriptional activity by inhibiting VEGFR-2 phosphorylation through the PI3K/Akt signaling cascade. Collectively, our study identified a novel function of DAPK in regulating cellular VEGF/HIF-1α activity during tumorigenesis, which may act together with its anti-angiogenic function to inhibit tumor progression.
Introduction
Death-associated protein kinase (DAPK), a 160-kDa calcium/calmodulin-dependent Ser/Thr kinase protein, is an essential mediator for apoptotic cell death induced by various stimuli, including interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), transforming growth factor-β (TGF-β) and Fas ligand (1) (2) (3) . DAPK is a well-known pro-apoptotic protein as well as a tumor suppressor and is involved in a wide variety of cellular apoptotic signaling cascades (3) (4) (5) (6) (7) . It is also triggered by cell death-regulator genes and deregulated in various tumor types, including head, neck, non-small cell lung and pancreatic cancer (8) (9) (10) . In addition, the downregulation of DAPK expression is observed in various types of tumors, including B-cell lymphoma (11, 12) . The death domain of DAPK controls its interactions with tumor necrosis factor receptor-1 (1), FADD (13) , RSK (14) , the mitogen-activated protein kinase extracellular signal-regulated kinase (ERK), Src (15) and the UNC5H2-dependent receptor (16) . Of note, clinical studies have significantly related the loss of DAPK expression with a more malignant type of cancer, while upregulating the metastatic ability of human cancer. In non-small cell lung tumors, DAPK promoter methylation was closely associated with aggressive disease types and poor survival (9, (17) (18) (19) . However, how the cellular activities of DAPK are regulated in vitro remains poorly understood.
The proliferation, migration, blood vessel invasion and expansion of the primary capillary-like tubular network of the endothelial cells during embryogenesis, angiogenesis and vasculogenesis are mostly operated by the vascular endothelial growth factor (VEGF) signaling cascade via the VEGF receptor-2 (VEGFR-2) (20) . In tumor angiogenesis and pathogenesis, the tumor microenvironment is one of the most
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important factors for development, in which the environment is often hypoxic. Tumor hypoxia is a condition of oxygen deprivation in carcinoma cells, where hypoxic tumor cells are generally resistant to chemo-and radio-therapy (21) . The hypoxic environment leads to genetic instability, which is beneficially related to tumor progression. In addition, hypoxia promotes of hypoxia-inducible factor-1α (HIF-1α) protein expression, which stimulates angiogenesis and is correlated with poorer prognosis with the activation of several genes such as VEGF, erythropoietin (EPO) and nitric oxide synthases that are related to metastasis (22) . The upregulation of VEGF occurs in most aggressive solid cancers, including ovarian, breast, lung, colon and uterus tumors, and is also closely connected to cancer progression and poor prognosis (23) (24) (25) (26) . In addition, VEGF and VEGFR-2 overexpression is also closely related to a reduced disease-free survival rate (26) and overall survival with ovarian tumors (27, 28) . Thus, the precise molecular mechanism for ovarian carcinoma cells remains to be fully elucidated.
For the objective of the present study, we analyzed ovarian carcinoma cells SKOV-3 as a model system in order to examine the functional mechanism of the anti-angiogenic properties of DAPK. We observed that DAPK markedly suppressed the expression of VEGF and HIF-1α in carcinoma cells. Thus, we investigated a possible molecular mechanism by which DAPK reduced VEGF production in an in vitro model system.
Materials and methods
Cell lines, culture, chemicals and antibodies. Human epithelial ovarian cancer cell lines SKOV-3 were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Primary human umbilical vein endothelial cells (HUVECs) were cultured on 0.3% gelatin-coated dishes (Sigma, St. Louis, MO, USA) using EGM-2 BulletKit medium (Clonetics). Two cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA). All cells were cultured under 5% CO 2 at 37˚C. Rapamycin was obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA) and wortmannin and LY294002 were from Sigma. The primary antibodies used in the present study were: anti-DAPK, anti-phospho-specific PI3K, anti-PI3K, anti-phospho-specific Akt, anti-Akt, anti-HIF-1α, anti-phospho-specific PDK-1, anti-PDK-1, antiphospho-specific TSC-2, anti-TSC-2, anti-VEGFR-2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), anti-VEGF 121 (Ab-1; Oncogene, Cambridge, MA, USA), anti-phosphospecific mTOR, anti-mTOR, anti-phospho-specific 4E-BP1, anti-4E-BP1, anti-phospho-specific p70S6K, anti-p70S6K (Cell Signaling Technology, Inc.) and anti-β-actin (Sigma).
[
3 H]thymidine incorporation assay. Cell proliferation was calculated by the incorporation of radio-labeled thymidine in trichloroacetic acid as previously described (29, 30) . HUVECs were plated in 96-well culture plates at densities of 1.5x10 4 cells/well and were labeled with [methyl- 3 H]thymidine for the last 4 h at 0.5 µCi/ml. The cells were filtered by absorption onto paper and were rinsed twice with 5% TCA and twice with 95% ethanol. The zone of dried paper corresponding to each well was eliminated with a round hole-punch, and [
3 H] thymidine incorporation was estimated by the liquid scintillation counter (Beckman Instruments).
Cell invasion assay. Transwell cell chambers (8.0-µm pore size; Costar), with 24 wells, were used to assay the cell invasion (29, 31) . For the invasion assay, the lower surface of a filter was coated with 10 µg/ml of gelatin overnight. M199 containing 1% FBS with VEGF (10 ng/ml) was placed in the lower wells. The cells were collected by trypsinization, washed, and re-suspended to 1x10 5 cells in 100 µl of fresh DMEM. Subsequently, the cells were inoculated into the upper chamber and incubated for 6 h at 37˚C. The chamber was fixed with methanol and stained with 10 mg/ml H&E. The level of cell invasion was then quantified by calculating the stained cells in five random areas per membrane.
Capillary tube formation assay. The tube formation assay was carried out as previously described using growth factorreduced Matrigel (30, 32) . In brief, HUVECs (3.5x10 5 ) were cultured on the surface of the Matrigel. Seeded cells were then incubated with or without 10 ng/ml of VEGF for 48 h in M199 containing 1% FBS. After rinsing, images were captured at x40 magnification. Tube formation lengths were estimated using an inverted microscope equipped with a digital CCD camera (Zeiss), and quantification was measured using Image Lab imaging software (MCM Design). The experiments were performed in triplicate.
Western blotting. After transfections, cultured cells were collected, rinsed twice with ice-cold PBS and lysed by adding ice-cold RIPA lysis buffer containing a protease inhibitor cocktail (Sigma) at 4˚C for 1 h. The extract was then transferred to a micro-tube and centrifuged at 15,000 x g for 10 min. Subsequently, equal amounts of protein were separated with 8-12% SDS-PAGE, and transferred onto a Hybond-ECL nitrocellulose membrane (GE Healthcare, Little Chalfont, Buckinghamshire, UK). After blocking, the membranes were incubated with the indicated specific primary antibodies at 4˚C overnight. The membranes were rinsed thrice with TBST buffer and incubated in either goat anti-rabbit or anti-mouse secondary antibodies. Protein bands were developed using an ECL detection system (GE Healthcare).
PI3K activity analysis. PI3 kinase activity was carried out as previously reported (33, 34) . In brief, cells were grown at a density of 2.6x10 6 cells. Following overnight incubation, cells were transfected according to various concentrations of the indicated specific expression plasmid. The cells were then lysed with ice-cold buffer containing a protease inhibitor cocktail. The lysates were centrifuged at 20,000 x g for 15 min at 4˚C, and the supernatants were used as the cell lysate. In order to immunoprecipitate PI3K, total proteins were incubated with anti-p85 antibody, followed by incubation with protein A-agarose beads for an additional 1 h at 4˚C. Immunoprecipitates were mixed with a kinase reaction buffer containing 200 µg/ml of phosphatidylinositol and 2 µCi of [ 32 P] ATP/assay mixture at 37˚C for 15 min. The reaction materials were detected using auto-radiography and the radioactive compounds were evaluated using a liquid scintillation counter.
Yeast two-hybrid system. cDNA, which encodes full-length human DAPK, was introduced into the EcoRI and XhoI restriction enzyme sites of a pGilda-LexA expression shuttle vector. A human full-length VEGFR-1 and VEGFR-2 cDNA was subcloned into the pJG4-5 activation vector in order to generate B42 fusion proteins in the EcoRI and XhoI sites, respectively. Positive interactions were attested by the formation of black colonies on the X-gal-containing medium as previously described (35) . The binding activity of the interaction was compared by estimating the relative expression level of o-nitrophenyl β-D -galactopyranoside (ONPG) β-galactosidase (35, 36) .
Luciferase reporter-gene assay. In vitro VEGFR-2 promoter activity was carried out as previously reported (36) . Briefly, cells at 85% confluency were transfected with a VEGFR-2 reporter expression plasmid. After lysis with RIPA buffer, total cell lysates were cleared with centrifugation at 14,000 rpm for 15 min and cell extracts were incubated with the luciferase substrate reagent at room temperature for 30 min according to the manufacturer's protocols. Then, a 5 µl aliquot of each sample was quantitated using a MicroLumat Plus LB96V luminometer.
Statistical analysis. Statistical analysis of the results was performed using the Student's t-test when compared between two groups. Data are presented as the means ± SD with the error of the mean given for triplicate experiments. The index for statistical significance was P<0.05. The values with 95% confidence (P<0.05) are depicted with an asterisk ( * ) on each graph. Each experiment was repeated three times with similar results.
Results

Suppressor DAPK protein inhibits VEGF-induced endothelial cell proliferation, migration and tube formation ability.
VEGF, as a potent multifunctional cytokine, is a crucial regulator of the pathological and physiological angiogenesis in tumors. The upregulation of VEGF appears in most solid tumors involved in ovarian, breast, lung, colon and aggressive uterus tumors, and is very closely related to tumor progression and poor prognosis (24) (25) (26) . Therefore, the suppression of VEGF expression has been shown to suppress tumor growth as well as migration, invasion and metastasis. As a result of these observations, it may be stated that VEGF enhances cell proliferation and migration via multiple signaling pathways. To investigate whether DAPK may inhibit angiogenesis, we first evaluated the effect of DAPK on endothelial cell proliferation by a [ 3 H]thymidine incorporation assay. Generally, VEGF-stimulated DNA synthesis was calculated with both untransfected cells and empty vector control-transfected cells and then compared with the uninduced cells. DAPK significantly decreased cell proliferation to 55-65% that of the expression vector only (control) in these cells. In contrast, the loss of function of DAPK by siRNA-mediated knockdown did not suppress cell proliferation (Fig. 1A) .
To address the potential function for DAPK upregulation in decreasing cell proliferation and VEGF-modulated angiogenesis, we additionally observed the invasive cell levels of DAPK in HUVECs by the Boyden chamber Transwell assay. Cell invasion is also an important step required for angiogenesis. As presented in Fig. 1B , DAPK-siRNA did not inhibit cell invasion of HUVECs, but DAPK markedly suppressed VEGFinduced cell invasion without killing the cells. These data indicate that DAPK may suppress the invasion of endothelial cells by carcinoma cells. In the latter process, endothelial cell capillary-like structures are an important event to become elongated into tubes to form new blood vessels for angiogenesis. We then examined the anti-angiogenic activities of DAPK on VEGF-induced tube formation using an in vitro angiogenesis model system. In the presence of DAPK-siRNA, endothelial cells were almost none affected. In the presence of DAPK, the linear structures of the capillary networks were disrupted (Fig. 1C) . Collectively, these results suggest that DAPK suppressed HUVEC invasion and network formation may occur possibly via interruption of VEGF-mediated signaling pathways.
DAPK downregulates PI3K and Akt phosphorylation in a dose-dependent manner.
The phosphorylation of PI3K/Akt is an important process for signaling cascade in tumor angiogenesis. Akt plays a pivotal role as a downstream regulator of PI3K and is also regulated by various growth factors, such as epidermal growth factor (EGF), insulin-like growth factor-1 (IGF-1) and transforming growth factor-β1 (TGF-β1). Therefore, we assessed whether DAPK suppressed PI3K and Akt phosphorylation in carcinoma cells. Total cell lysates from the control and transfected cells of various concentrations (0.2-1.0 µg) were subjected to immunoblot analysis, which showed that the VEGF-stimulated phosphorylation of PI3K and Akt played a pivotal role in VEGF-induced angiogenesis. As presented in Fig. 2A , the activity of PI3K transfected with various concentrations of DAPK was suppressed in a concentration-dependent manner, with the maximum effect at 1.0 µg. Following transfection with 0.4-0.6 µg of DAPK, cells showed significantly suppressed phosphorylation of PI3K. We also evaluated the effect of DAPK on the inhibition of Akt, which is one of the major downstream components of PI3K. As expected, DAPK gradually decreased the phosphorylation of Akt in a dose-dependent manner (Fig. 2B ). This substrate was similarly able to suppress phosphorylation in HUVECs (data not shown). Taken together, our results strongly suggest that the PI3K/Akt-dependent signal cascades are critically contained in the biological function of DAPK-regulated endothelial cell. This inhibitory effect was comparable to that of some well-known PI3K inhibitors, such as wortmannin and rapamycin, which are well-known for targeting the mammalian target of rapamycin (mTOR) signaling pathways. As indicated in Fig. 2C , DAPK markedly reduced the phosphorylation of Akt (Ser473) and the phosphorylation of eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) (Tyr37/46), as well as the phosphorylation of phosphoinositide-dependent protein kinase-1 (PDK1) (Ser241) (Fig. 3C) , one of the best characterized targets of the mTOR complex. Subsequently, when DAPK was co-treated with rapamycin, an inhibitor of mTOR, DAPK significantly displayed the effects of deactivation in p-4E-BP1. These results provide evidence for our former theory that DAPK is a powerful inhibitor of PI3K/Akt activity. ) were cultured in 24-well plates containing growth factor reduced Matrigel, and pre-treated with/without VEGF, followed by transfection with the control, DAPK, or DAPKsiRNA. Capillary-like tubular structures were photographed with a digital camera attached to an inverted microscope. The tube lengths were estimated and the data are presented as the means ± SD. Three independent experiments were performed in triplicate. 
DAPK inhibits the expression of VEGF and HIF-1α in ovarian cancer cells.
In rapidly growing cancer, hypoxic conditions strongly activate the expression of the transcription factor HIF-1α, which in turn stimulates the expression of VEGF proteins in carcinoma cells. VEGF expression levels modulate the effects of other angiogenic regulators and therefore play key roles in the regulation of tumor angiogenesis. In order to disrupt new blood vessel formation in cancer, it is key to suppress the expression of the VEGF and HIF-1α proteins in carcinoma cells. To address whether DAPK inhibits the level of VEGF and HIF-1α protein expression via the PI3K/Akt signaling pathway, we first evaluated the inhibitory effect of DAPK on VEGF expression in SKOV-3 ovarian carcinoma cells. As presented in Fig. 3A , overexpression of DAPK clearly decreased the VEGF expression level, whereas DAPK-siRNA had no effect. We also measured the effect of DAPK on HIF-1α protein expression. HIF-1α is a key regulator for VEGF expression as a transcription factor. As indicated in Fig. 3A , DAPK markedly decreased the expression of the HIF-1α protein. On the other hand, the inhibitory effect of DAPK was completely restored by DAPK-siRNA transfection. Subsequently, we measured the levels of HIF-1α and VEGF protein expression in SKOV-3 cells exposed to normoxia or 1% O 2 hypoxia and DAPK transfection. After a 16-h treatment, levels of HIF-1α and VEGF protein expression indicated that they were fully activated. In contrast, HIF-1α and VEGF expression levels were rapidly reduced after DAPK transfection (Fig. 3B) . Therefore, it may be suggested that hypoxia significantly promoted the levels of HIF-1α and VEGF expression, whereas DAPK suppressed their activation. Next, we examined the effects of DAPK on the downstream regulators in the PI3K/ Akt signaling pathway. DAPK significantly suppressed the phosphorylation of mTOR on the Ser 2448 residue position, tuberous sclerosis complex-2 (TSC-2) on the Ser 1462 residue position, and p70 ribosomal protein S6 kinase (p70S6K) on the Thr 421 residue position, which are downstream factors essential to mTOR (Fig. 3C) . These results indicate that DAPK inhibits the autocrine effect of VEGF in endothelial cells and, therefore, has a direct anti-angiogenic effect, which leads to the inhibition of tumor angiogenesis, metastasis and tumorigenesis.
DAPK inhibits VEGF-induced VEGFR-2 phosphorylation through the interaction with VEGFR-2 protein.
VEGFR-2 is a key modulator of the VEGF-induced endothelial cell involved cellular based-physiological/pathological function. To explore the biological/functional relevance of the association between VEGFR-2 and DAPK, we evaluated the effect of DAPK on VEGF-stimulated VEGFR-2 phosphorylation in HUVECs. As shown in Fig. 4A , overexpression of DAPK markedly decreased VEGF-stimulated VEGFR-2 phosphorylation, while DAPKsiRNA had no effect. These new findings indicated that DAPK strongly suppressed protein levels of VEGFR-2 phosphorylation in vitro in HUVECs. Direct interaction between the two proteins is crucial for the majority of cellular biological/physiological mechanisms. For example, signal transductions from the exterior of the cell are specifically mediated to the inside of the cell by protein-protein interactions of the signaling components. This process plays a crucial role in the cellular biological mechanisms and in various diseases involving aggressive solid cancer. Protein-protein interactions are central to almost every process in the living cell. Thus, we also demonstrated the interaction between DAPK and VEGFR-2 protein in an in vivo and in vitro system. VEGFR-1 and expression vector only were used as the negative control. As shown in Fig. 4B , DAPK with VEGFR-2, but not with VEGFR-1 and expression vector only, permitted yeast cell growth on a leucine-depleted plate, and β-galactosidase activity between DAPK and VEGFR-2 was fully activated (84.27±1.15). However, control (vector only) (1.64±0.58) and VEGFR-1 (1.88±0.54) expression activity failed, suggesting a specific interaction between DAPK and VEGFR-2. Consistent with these results, direct interactions between DAPK and VEGFR-2 were confirmed using co-immunoprecipitation in vitro assays. Recombinant plasmids of DAPK (pcDNA3.1/Flag-DAPK) and VEGFR-2 (pcDNA3.1-VEGFR-2), or pcDNA3.1/Flag-DAPK and expression vector only (pcDNA3.1) were co-transfected into the HEK293T cells. Subsequently, an immunoprecipitation was incubated using anti-Flag specific primary antibody with total cell lysates from both transfected cells. After immunoprecipitation, the precipitated proteins were detected with a specific anti-DAPK or anti-VEGFR-2 primary antibody. As indicated in Fig. 4C, pcDNA3 .1-VEGFR-2 was co-immunoprecipitated with pcDNA3.1/Flag-DAPK (lane 2 in upper panel), whereas it failed with pcDNA3.1 plasmid (expression vector only) (lane 1 in upper panel). At the same time, in order to confirm the direct interaction between endogenous DAPK and the VEGFR-2 protein in cellular physiological conditions, we subjected this construct to immunoprecipitation with the proteins endogenously expressed in the HEK293T cells using a specific anti-DAPK or anti-VEGFR-2 primary antibody. The endog- (expression vector only) , DAPK, or DAPK plus DAPK-siRNA, respectively. Phosphorylation of VEGFR-2 was detected using the indicated specific primary antibody. Unphosphorylated VEGFR-2 and β-actin were used as the loading control. (B) Physical interaction between GABARBP and VEGFR-2. Direct interactions were observed by monitoring cell growth on deplete-leucine amino acid plate, and through the formation of a black colony on the cultured plate containing the X-gal reagent (37, 38) . The values of the β-galactosidase activity (unit), calculated by adding ο-nitrophenyl β-D -galactopyranoside (ONPG) assays, are indicated below the corresponding lanes (37, 38) enous DAPK protein was then directly co-immunoprecipitated with the VEGFR-2 protein (Fig. 4D) . Our results strongly indicate the binding of endogenous VEGFR-2 to the DAPK protein in the cells. Next, to address whether DAPK regulates VEGFR-2, the effect of DAPK on VEGFR-2 transcription activity was also calculated by a luciferase reporter assay, using a construct integrating a VEGFR-2 promoter fused to the luciferase gene. The luciferase activity was gradually inhibited by transient transfection of DAPK in a concentration-dependent manner (Fig. 4E) , providing further evidence of the importance of DAPK for the regulation of VEGFR-2 activity. These results strongly suggest that the overexpression of DAPK downregulates its transcriptional activity. The results validated that DAPK obstructs the VEGFR-2 transcriptional activation level by inhibiting VEGFR-2 phosphorylation via the PI3K/Akt signaling cascade.
Discussion
In the present study, we demonstrated that the possible intracellular mechanisms of DAPK have an inhibitory effect on the roles of VEGF-induced angiogenesis in the endothelial cell system. In angiogenesis and vasculogenesis, VEGF is a key regulator serving as a potent cytokine in endothelial cell proliferation, migration and survival (37) . Generally, angiogenic signaling cascades are a route mediated by VEGF and their receptors (VEGFRs) (38) . VEGF expression is closely correlated with the regulation of tumor growth, metastasis and aggression, as well as poor survival (27, 39, 40) . Notably, most human solid tumors greatly increase VEGF and HIF-1α expression, which promote tumor angiogenesis and tumor growth. Thus, inhibition of tumor angiogenesis by the interruption of VEGF and HIF-1α expression is becoming a crucial approach for cancer treatment (41) . One of many studies reported that the maximal suppression of tumor angiogenesis and growth can be accomplished by completely disturbing the circulation of VEGF (42) . Herein, we established a new cellular molecular mechanism for DAPK as a novel potent angiogenic factor that may target through the disturbance of VEGF and HIF-1α expression in the PI3K/Akt signaling cascade using a tumor model system. As presented in Fig. 1 , ectopically expressed DAPK markedly inhibited major events in VEGFinduced angiogenesis in vitro, which involved endothelial cell proliferation and cell migration. Meanwhile, overexpression of DAPK completely abrogated the VEGF-induced capillary-like tubular structure network. In the presence of DAPK-siRNA, the endothelial cells were nearly none affected. Collectively, these results strongly indicate that DAPK specifically mediates VEGF-induced HUVEC migration and tube formation.
HIF-1 increases the transcriptional levels of various genes, including VEGF in tumor progression (43) . HIF-1α is frequently overexpressed in several human solid cancers (44) , and its activation is closely associated with tumor angiogenesis and tumorigenesis progression in cells (45) . Additionally, HIF-1 upregulates the transcription of the VEGF gene by binding to the hypoxia-response element (HRE) in the VEGF promoter region (46) . Fang et al (47) reported that apigenin significantly suppresses the expression of HIF-1α and VEGF in ovarian carcinoma cells. As mentioned above, HIF-1α is a major modulator for VEGF expression as a transcription factor. As shown in Fig. 3A , DAPK strongly downregulated the expression of HIF-1α protein. In contrast, the inhibitory effect of DAPK was completely restored by DAPK-siRNA transfection. Subsequently, we assessed the levels of HIF-1α and VEGF protein expression in SKOV-3 ovarian carcinoma cells exposed to normoxia or 1% O 2 hypoxia and DAPK transfection. After a 16-h treatment, the levels of HIF-1α and VEGF protein expression indicated that they were fully activated. On the other hand, levels of HIF-1α and VEGF protein expression rapidly decreased after DAPK transfection (Fig. 3B) . Collectively, conditions of hypoxia were significantly upregulated in the levels of HIF-1α and VEGF protein expression, whereas DAPK inhibited its activation.
VEGF phosphorylates through the interaction with VEGFR-2 and its downstream signaling component fully activates PI3K/Akt phosphorylation, which is a potent cytokine in the cellular control of endothelial cell growth and survival of various types of tumor, including ovarian cancer (48) (49) (50) (51) . Akt activates mTOR and is mediated by mTOR via a negative-and positive-feedback biological system (52), while also acting as a key regulator for cell proliferation, enhancing cell survival through various biological mechanisms. Furthermore, Akt is involved in that Akt1 and Akt3, two downstream modulators of the PI3K signaling pathway, have their crucial roles in ovarian tumorigenesis played via control of VEGF secretion and angiogenesis (53, 54) . In spite of these reports, the functional mechanisms of ovarian tumor angiogenesis are still not understood. In the present study, we found that DAPK can inhibit the phosphorylation of VEGF-induced PI3K and Akt in a dose-dependent manner in vitro (Fig. 2) . In contrast, DAPK-siRNA transfection fully restored DAPKreduced phosphorylation of both PI3K and Akt (data not shown). This inhibitory effect was comparable to that of other well-known PI3K inhibitors, such as wortmannin and rapamycin, which are well-known mTOR signaling pathways. As presented in Fig. 2C , DAPK clearly downregulated the phosphorylation of Akt (Ser473) and the phosphorylation of 4E-BP1 (Tyr37/46), as well as the phosphorylation of PDK1 (Ser241) (Fig. 3C) , one of the best characterized targets of the mTOR complex. Subsequently, ectopic expression of DAPK significantly reduced VEGF-induced VEGFR-2 phosphorylation, whereas DAPK-siRNA did not have any effect. This new finding suggests that DAPK strongly inhibits the levels of VEGFR-2 phosphorylation in vitro in HUVECs. The direct interaction between two proteins is important for the majority of the cellular biological/functional mechanisms (Fig. 4) . Collectively, the results indicate that DAPK can obstruct VEGFR-2 transcriptional activity by inhibiting VEGFR-2 phosphorylation through the PI3K/Akt signaling cascade.
In summary, we propose that the phosphorylation of VEGFR-2 has an influence on the cellular biological function of tumor angiogenesis. In the present study, we further validated a new biological/physiological function and cellular molecular mechanism for DAPK accurately, which serves as a novel potential anti-angiogenic factor that can mediate the phosphorylation of PI3K/mTOR/4E-BP1 via the interruption of the VEGF and HIF-1α expression levels. Therefore, a combination therapy with DAPK and traditional drugs may be a useful approach for more advanced ovarian tumor, recurrent and certain malignant patients.
